Problem: Toll-like (TLR) receptor genetic variants have been implicated in bacterial vaginosis (BV). We determined whether TLR variants are associated with fastidious BV-associated microbes that are linked with infertility following pelvic inflammatory disease (PID).
mechanisms leading to acquisition, upper genital tract ascension, and subsequent sequelae remain unclear.
Toll-like receptors (TLR) are part of the innate immune system and eliminate pathogens through nuclear factor kappa-b (NF-kβ) signaling. 6 Genetic variants in TLR genes can have direct or indirect biological consequences through overt or inadequate inflammatory response, possibly influencing disease progression. TLR2 (forms a heterodimer with TLR1 and TLR6) and TLR4 are expressed throughout the female reproductive tract. 6 Variants in these gene pathways have been implicated in BV [7] [8] [9] and PID, 10 possibly through excessive inflammatory responses. Suppression of TLR regulatory function has also been hypothesized to contribute to the development of BV.
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A PEACH substudy has shown that TLR2 variants are associated with BV and endometrial colonization of facultative and anaerobic bacteria, isolated by culture, in African-American women. 12 Altered TLR signaling may increase susceptibility to upper genital tract infection with BVassociated bacteria. 11 However, individual fastidious BV-associated bacteria, associated with reproductive morbidity, 5 were not examined.
Our objective was to determine whether TLR variants are associated with fastidious BV-associated bacteria in women with clinical PID. As factors that promote bacterial ascension to the upper genital tract are poorly understood, we further determined whether TLR variants increased endometrial infection with fastidious bacteria. Sneathia spp., A. vaginae, and BVAB1 were selected because of associations with PID and subsequent infertility, 5 which suggest these microbes may lead to upper genital tract pathology. Fredricks et al 3 have shown that BVAB-1 is highly specific to BV, while A. vaginae has high sensitivity and moderate specificity, although this varies by population.
Atopobium vaginae results in strong inflammatory and innate immune responses, while Sneathia and BVAB-1 are associated with BV-related symptoms and inflammation. 13 Cervical G. vaginalis was measured at baseline in PEACH but data were only available for half of the women in our cohort and thus were excluded. were performed using a modification of the procedure of Xiao et al, 16 which has been described previously.
| MATERIALS AND METHODS

5
A total of 290 women from PEACH had previously been genotyped for TLR variants 10 to examine associations with chlamydial PID.
All women who had data on C. trachomatis infection and had stored buffy coats (n = 237) or serum samples (n = 53) available were gen- and the TLR2 Asn199 CC genotype is more frequent in BV among HIVpositive women. 19 One of our objectives was to determine whether these potential "risk" genotypes are associated with fastidious genital microorganisms. However, many were more frequent in our population (ie, they are not the minor genotype). This is likely due to our cohort being primarily of black race. Indeed, many functional TLR genotype frequencies significantly differ by race/ethnicity where a minor genotype in those of white race may be the most common genotype in those of black race. 20 For consistency across all analyses, homozygous genotypes with the lowest frequency were collapsed with heterozygotes and used as the reference category (AA vs AG + GG). STIs were examined as potential confounders, as some are associated with TLR variants as well as BV-associated bacteria. 5, 10 Other clinical and demographic factors were not associated with either BV-associated bacteria or TLR genetic variants and were not considered confounders. We ultimately adjusted for C. trachomatis and N. gonorrrhoeae. Principal component analysis was used to correct for population stratification.
Principal components are specific to each marker's frequency across ancestral populations and overcomes well-known limitations of adjusting for self-reported race. 21 A false discovery rate (FDR) q-value of 0.05 indicated statistical significance after correction for multiple comparisons. 22 Q-values are adjusted P-values calculated using an optimized FDR approach.
We used multifactor dimensionality reduction (MDR), which collapses high-dimensional genetic data allowing for detection of genegene interactions in smaller sample sizes, even in genes without independent main effects. 23 This is a non-parametric and genetic model-free method. 23 Model fit is determined by cross-validation consistency (CV, ranges from 1 to 10) calculated using training and testing datasets. Prediction error was estimated using 10-fold crossvalidation. This procedure is performed ten times, using different random number seeds, to reduce the chance of observing spurious results due to chance divisions of the data. For our analysis, a Monte Carlo P-value, derived from permutations, of <.01 was significant. MDR models were race-adjusted.
| RESULTS
Approximately 64% of women were <25 years of age, 70.7% were black, 42.2% had less than a high school education, 88.7% were single, 54.8% did not douche, 55.0% were non-smokers and 69.5% did not report illicit drug use. These characteristics are similar to the PEACH cohort, except our substudy had higher rates of chlamydia (Table 2) . 
only, TLR4 -787A>G (RR adj 3.6, 95% CI 1.2-10.9; P = .02) and TLR2 - Relative risk, 95% confidence intervals, and P-values were calculated using Poisson regression with robust errors measurements. All models are adjusted for population stratification. Additionally, models are adjusted for chlamydia and gonorrhea. *Significant at P < .05; **FDR q-value < 0.05.
| DISCUSSION
We have previously shown that TLR2 genetic variants are associated with BV and colonization of facultative and anaerobic bacteria, isolated by culture, in the endometrium. 12 This suggested that TLR2 variants may increase susceptibility to vaginal flora alterations and the presence of anaerobic bacteria in the endometrium.
However, there is an increasing appreciation for the role of fastidious BV-associated bacteria in PID and subsequent morbidity.
5,24
We found that TLR2 variants are associated with cervical A. vaginae.
Our findings are significant as women with PID who test positive for fastidious BV-associated bacteria at the cervix and/or endometrium have an increased risk of endometritis, recurrent PID, and infertility independent of N. gonorrhoeae and C. trachomatis. 5 This is consistent with the hypothesis that host factors may alter immune function in the genital tract to enhance or reduce bacterial overgrowth.
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However, over 70% of our population was of black race. Relative risk, 95% confidence intervals, and P-values were calculated using Poisson regression with robust errors measurements. All models are adjusted for population stratification. Additionally, models are adjusted for chlamydia and gonorrhea. *Significant at P < .05.
Genetic variants in TLR genes are linked to BV, G. vaginalis, and
A. vaginae in a handful of studies. 23 However, we did not consistently find any strong synergistic relationships following the MDR analysis.
We focused on only a few select fastidious bacteria and did not utilize high-throughput sequencing and do not have data on bacterial burden. However, these bacteria have been previously linked to PIDassociated sequelae 5 and have moderate to high sensitivity for BV diagnosis. 3 Although implicated in BV pathogenesis, only a subset of women in PEACH had data on G. vaginalis. However, G. vaginalis was not independently associated with PID in the Gyn Infections Followthrough (GIFT) study which prospectively followed 1199 at high risk for STIs. 33 A FDR q-value of 0.05 indicated significance, which means that 5% of tests with a q-value of 0.05 or less (<1% of overall tests) may be false positives. We did not have data on immune biomarkers which is needed to understand whether genetic variants alter genital tract inflammation. It is possible that transcervical sampling of the endometrium can result in contamination of endometrial biopsy specimens. However, any contamination would not be expected to differ by TLR variant and is unlikely to be a major source of bias. All women in our study had clinical PID but our objective was to determine whether TLR variants are associated with cervical or endometrial infection with BV-associated bacteria. This is important as not all women with cervical infection will develop upper genital tract infection. Furthermore, our ability to examine endometrial infection is a strength of our cohort. 
